Mycoses. 2020;63:225-232. | 225 wileyonlinelibrary.com/journal/myc 1 | INTRODUC TI ON Onychomycosis, a fungal infection of the nail, afflicts almost 6% of the population worldwide. 1 The current treatment strategy includes a combination of oral and topical agents. Terbinafine is the preferred oral therapy, with 38% complete cure rate, but it can be hepatotoxic. Efinaconazole and tavaborole are preferred topical antifungals which require daily application for months, and yield cure rates of up to 17.8% and 9.1%, respectively. 2 Recently, pulsed lasers have been used to treat onychomycosis, primarily through a photothermal effect, but efficacy is limited and the treatment is often painful. 3 Non-thermal atmospheric plasma (NTAP) treatment technologies have been investigated for almost two decades resulting in several medical applications. 4,5 They have demonstrated broad-spectrum anti-microbial effects and can be used to disinfect biotic (eg wounds) and abiotic surfaces, 6,7 and treat cancerous tumours. 8 One study demonstrated that NTAP inactivates causative agents for onychomycosis (Trichophyton rubrum and Microsporum canis); however, these experiments were done in the absence of human nails. 9
A clinical trial (pilot study) to treat onychomycosis using NTAP with a manually scanned electrode was recently conducted with significant success. 10 The plasma environment responsible for treatment efficacy includes pulsed electric field (which couples strongly through the nail plate), induced current through the tissue, and some moderate local heating. The plasma also generates active chemical species that interact with treated surfaces and generate solvated long-lived reactive species in the liquid. 11 There is evidence that reactive nitrogen species penetrate through tissues [12] [13] [14] which is important for the treatment of onychomycosis where the dose must be delivered through the nail plate.
Non-thermal atmospheric plasma is created at normal atmospheric pressure (~100 kPa), where ions and neutral species have not reached thermal equilibrium with electrons, and the gas temperature is <60°C. One method of generating NTAP is the dielectric barrier discharge (DBD) 15 where a dielectric layer is placed in the gap between electrodes to which a time-varying (RF or pulsed) high voltage is applied. The time-averaged current through a DBD is inherently limited due to the presence of the dielectric.
In this paper, we first establish that both Trichophyton mentagrophytes, a prominent agent of toenail infections, and Candida albicans, a causative agent of fingernail onychomycosis, are killed when NTAP is created directly above cultures placed on agar. We then describe the toe/nail-plate in vitro model and the efficacy of NTAP on the viability of C albicans shielded by this nail plate. Treatment conditions that lead to over 2-log reduction in fungal viability are identified.
| MATERIAL S AND ME THODS

| Fungal strains
Candida albicans (ATCC 24433) and T mentagrophytes (ATCC MYA-4439) were plated on 1.5% YPD agar (Difco) and 1.5% Sabouraud-Dextrose (S-D) agar (Difco), respectively. After incubation at 30°C (2-3 days for C albicans, 5-7 days for T mentagrophytes), several colonies of each species were stained by lactophenol cotton blue dye and microscopically examined for hyphal morphology. C albicans isolates were mostly hyphal, which is associated with human infections, and all T mentagrophytes isolates showed typical dermatophyte morphology with hyphae and microconidia and macroconidia. A single colony of each fungal species was selected and grown in liquid YPD and S-D media, respectively, and 0.2 mL aliquots were frozen in 30% glycerol at −80°C. Each frozen aliquot was used only once for each experiment.
| Nails and nail model
An in vitro toe/nail-plate model was developed (MOE Medical Devices) using 2% agar nail moulds as "toes" covered with sterilized, overt-onychomycosis-free hallux toenails from human cadavers (Science Care). Cadaver nail plates have substantially the same physical and electrical properties as those of living patients. YPD and S-D broth with 2% agar have conductivity and permittivity of 1 S/m and 80, respectively, which approximates the toe without the nail plate (0.3-1.0 S/m and 45-200). 16, 17 A sterile mould of the underside of each nail plate was created as follows: (a) pour agar into a Petri dish;
(b) place a clean, sterile nail plate onto the agar while it is cooling and confirm there are no air bubbles between the nail plate and the agar;
(c) remove excess agar from the top and sides of the nail plate after the agar hardens. After each experiment, the nails were rinsed with water, cleaned with 70% alcohol, autoclaved in distilled water and re-used.
| Preparation of C albicans cell suspensions
Liquid cultures (5 mL) of C albicans were inoculated with 100 μL of frozen culture, grown for 3 days at 34°C and diluted to OD 595 = 0.1 (~5 × 10 6 colony-forming units per mL (CFU/mL)). A 10 μL (~5 × 10 4 CFU) suspension was used to inoculate nail mould samples.
| Preparation of T mentagrophytes suspensions
Liquid cultures (5-7 days) of T mentagrophytes in S-D broth were vortexed and passed through a 23G tuberculin syringe to fragment hyphae. Serial dilutions in S-D broth were made from a suspension containing ~10 3 CFU/mL, and 10 μL of this suspension (~10 CFU) was used for each sample inoculant to be exposed to NTAP.
| Generation and application of non-thermal atmospheric plasma
Non-thermal atmospheric plasma was delivered to toenails with single-use patch electrodes consisting of flexible conductive copper mesh surrounded by medical-grade rubber insulation ( Figure 1C ).
The active area of the electrode has a square array of rubber bumps which provide the necessary separation between the nail plate and dielectric surface of the electrode so as to create a DBD in the air between these two surfaces. The patches are connected to a generator producing high-voltage pulses with amplitude sufficient to initiate a discharge.
The generator output into an impedance-matched load is a monopolar pulse of fixed rise time (<20 ns) and pulse width (<100 ns). 
| Protocol for exposure of C albicans and T mentagrophytes to NTAP on agar without nails
Comparison of sensitivities to NTAP without the protective cover of a nail was performed on solid YPD agar and S-D agar slabs. A 10 μL drop of fungi suspension, prepared as previously described, was inoculated on the surface of an agar slab the size of the patch electrode active area and exposed to NTAP.
| Temperature measurements in the nail-agar mould model
Temperature measurements were made on the surface of the agar directly under the nail plate during NTAP treatment with a floating, shielded, miniature probe. The probe was a type-K thermocouple with continuous stainless steel (304SS) sheath connected to a logger with 0.5°C resolution and ±0.5°C accuracy. The continuous sheath was necessary to prevent disruption of the logger due to plasma noise. The electrically floating probe tip of 0.010″ (254 μm) diameter presented an insignificant thermal load and minimal electrical perturbation to the nail-agar system exposed to NTAP.
| Statistical analysis of dose-response for C albicans sensitivity testing
A dose-response curve was generated, where dose (D) is in kPulses and response is kill ratio (R). Results of each experiment (R i ) were plotted along with the average (R) for multiple trials (n) at each dose and 95% confidence intervals (CI). 18 The CI were calculated using CI = (t .95 /√n)•SD, where t .95 are the critical values (percentiles) for the 95% one-sided t-distribution and SD is standard deviation.
The R i , R, and CI were transformed to log reduction (LR) values using and re-plotted in this form to show response at high doses. CI was calculated using Equation 1 to transform R + CI and R − CI for each dose.
All samples (R i ) were fit to the variable-slope sigmoidal dose-response curve given by where D 50 is the dose yielding 50% response or LogEC50, and h is the Hill slope. 19 The solid curves shown in Figures 5A and 5B Examination of the effects of direct exposure of C albicans to increasing doses of NTAP revealed that ≥39 kPulses were required for killing all microorganisms in the 10 4 CFU inoculum (Figure 2 ). Direct exposure of T mentagrophytes to increasing doses of NTAP demonstrated complete killing for doses ≥15 kPulses (Figure 2 ).
| Measurement of nail-agar mould (nail bed) temperature
The temperature between the nail-plate and agar mould was measured to determine if treatment with NTAP produces temperatures sufficient to kill fungus by thermal effects alone. A typical measurement vs time is shown in Figure 3A (inset). The system reaches thermal equilibrium in about four minutes, typical for all pulse generator settings and agar/nail-plate samples. At this level of treatment, the system does not fully recover to room temperature during the two-minute pause; however, the same maximum temperature of 45°C is reached during each of the three successive uninterrupted treatments.
The temperature measurement was repeated for different PRF settings. Maximum temperature vs PRF is represented in Figure 3A .
Peak temperatures increase from 43°C to a maximum of about 51°C
as the PRF increases from 300 to 1000 Hz. Several measurements were made with different agar/nail-plate samples at fixed PRF (500 Hz) to measure the variation in heating. The resulting range in temperature is 41-48°C.
| Measurement of thermotolerance of C albicans
Candida albicans samples were exposed to a range of temperatures (34-69°C) in a constant temperature water bath. For exposure times of 1, 5, and 10 minutes, complete killing was observed for temperatures ≥56, ≥52, and ≥50°C, respectively ( Figure 3B ). Significant reduction in viability was observed from 50-54°C with virtually no reduction in viability below 50°C for exposure times up to 10 minutes. This is within 1°C of the maximum temperature observed during agar/nail-plate NTAP treatment. Therefore, NTAP-induced heating alone is insufficient to eliminate C albicans.
| Exposure of C albicans under cadaver nails to NTAP
The nail-agar mould model inoculated with C albicans was exposed to NTAP for increasing doses with pulse generator settings of AMP = 18.5 kV, SEQ = 3 × 4′(1′), and PRF from 0 to 1 kHz ( Figure 4 ). Two to four independent experiments were performed for each dose. Near-complete fungal elimination is observed for doses ≥605 kPulses which is about 15 times higher than that of direct exposure to NTAP.
A dose-response curve was generated ( Figure 5A ) for the corresponding nail washes from Figure 4 . The solid curve in Figure 5A is the least-squares best fit to Equation 2 with D 50 = 63.6 kPulses, h = 1.50, and r 2 = .922. The solid curve in Figure 5B is the transform of this best-fit equation. The dashed curves in Figure 5 are the best fit to the log-reduction-transformed dose-response curve with the following best-fit parameters: D 50 = 89.0 kPulses, h = 2.53, and r 2 = 0.834. A 50% kill ratio is achieved at about 64 kPulse, 90% at about 212 kPulses, and 99% at about 550 kPulses.
| D ISCUSS I ON
This study has demonstrated that NTAP efficiently eliminates both C albicans and T mentagrophytes when applied directly to these Although the mechanism(s) responsible for NTAP action are not fully understood, thermal tolerance measurements have shown there is insufficient thermal energy during treatment to eliminate C albicans by this mechanism alone. A temperature of at least 50°C for at least 10 minutes is required to kill C albicans; however, the "nail bed" temperature during NTAP treatment was under 50°C at efficacious dose rates. Therefore, electric field and/or reactive species, possibly in synergy with elevated temperatures, is likely the cause of the efficacy. Considering onset of pain is reached when the F I G U R E 4 Cultured Candida albicans inoculated nail mould agar appearance after plasma treatment through the nail. Treatment conditions were AMP = 18.5 kV, SEQ = 3 × 4′(1′), and PRF as indicated. PRF = 0 Hz is untreated control. Colonies that grew under and along-side the agar mould may have originated from cells that leaked out from under the nail before treatment and were not exposed to NTAP PRF (Hz) This study employed a fairly large sample of human toe nails and statistically significant data were generated; however, these nails are not necessarily representative of nails that may be encountered clinically. Also, the population dynamics of mixed infections with different fungal isolates typical of onychomycosis encountered in clinic was not a parameter in this study. Nevertheless, we believe that NTAP is a promising treatment strategy that is cost and time effective, produces no systemic side effects, and can be modulated to suit specific nail texture and curvature. Furthermore, the design of the delivery system permits the simultaneous treatment of several infected digits and allows for controlled and repeatable follow-up treatments, if necessary. We conclude that NTAP is an effective non-invasive therapeutic methodology that should be evaluated in a clinical setting with or without topical agents currently in use for onychomycosis.
F I G U R E 5
Dose-response curve for plasma treatment of nail plate inoculated with Candida albicans plotted as (A) kill ratio and (B) log reduction vs dose for fixed intensity (AMP = 18.5 kV) and treatment sequence (SEQ = 3×4′(1′)). Individual independent measurements, R i , are plotted as small closed red circles ( ), and average values, R, are shown as closed black squares (■) with 95% confidence interval error bars (CI = (t .95 /√n)•SD, where n = 3 or 4). The solid curve is the least-squares best-fit (r 2 = .922) variable-slope sigmoidal dose-response with D 50 = 63.6 kPulses and h = 1.50. Dashed curve is best fit to sigmoidal dose-response transformed to log reduction
